Migration patterns in pre-European contact Mexico were complex. Studies using dental morphological data have successfully detected microevolutionary patterns of biological affinity between local populations in other areas of the world. We compare Classic and Postclassic dental samples from four cultural groups from adjacent regions in Mexico to illuminate local population differences among the Toltecs, Mexica, Totonacs, and Maya. We calculated pseudo Mahalanobis D 2 distances using observations of 12 dental traits to compare models for how culture group, geography, and time may have structured interpopulation relationships. Cluster analysis and principal components analyses of pairwise population distances suggest that phenetic similarities best reflect differences among cultural groups. Additionally, dental morphological trait data are robust with regard to interobserver error and sensitive enough to detect phenetic distance over relatively small time and space dimensions in Mexico. These results encourage expanding the study to more sites, regions, and temporal periods, and augurs well for future investigations that seek to trace past migration patterns in Mexico.
Human migration patterns in pre-European contact Mexico are thought to have been complex, for widespread trade was common, and individuals and small groups likely moved between the northern drylands, central highlands, and coastal lowlands (De Lourdes Muñoz et al. 2012; Diehl 2000; Hammond 2000; Lopéz Austin and Lopéz Luján 2001) . Our knowledge of precontact population relationships is informed by a vast archaeological record, from the smallest grains of pollen from traded plants, to cultural influences evident in architectural details of major cities. Additionally, in Mesoamerica, at least four indigenous cultures developed written historical traditions: the Maya, Zapotec, Mixtec, and Nahuatl (Marcus 1976) . This rich and complex ethnohistorical and archaeological record means detailed information about ethnicity and migrations is available from many sources that sometimes conflict (Stark and Arnold 1997) . This intricate record of local, regional, and long-distance migrations, coupled with shifting political power, interregional elite relationships, and periods of centralization/ decentralization has led some to claim that tracing small-scale pre-contact Mexican population structure may be impossible using archaeological methods (Davies 1980; Evans 2013; Schortman and Urban 2001) . However, local population movements might be detectable using biological data.
In studies of Mesoamerican samples, dental morphological trait analyses have focused primarily on descriptive or intraregion analysis, rather than broader interregional comparisons (e.g., Cucina and Tiesler 2004; Haydenblit 1996; Pompa y Padilla 1984 Scherer 2004; Wrobel 2003) . Recently, biodistance studies using dental morphological traits have been performed on closely related cultural groups in several world areas (e.g., Aubry 2009; Ullinger et al. 2005; Vargiu et al. 2009 ) indicating they are of sufficient sensitivity to detect population differences developed over relatively short time spans.
To illuminate local population differences, we compare samples from sites associated with four different cultural groups located in adjacent regions of Mexico: the Toltecs and Mexicas from Central Mexico; the Totonacs from the Gulf Coast lowlands of Veracruz; and the Maya from the northern lowlands of the Yucatan Peninsula. Populations of these four regional cultural entities were in contact with one another through military actions and longdistance trading (Evans 2013) . Nevertheless, these groups were culturally and linguistically distinct, and contemporary accounts describe them as physically distinctive as well (Berdan 2008; Diehl 2000; Weaver 1972 ). In the current study, we perform a biodistance analysis using dental morphological traits to illuminate any biological patterning among the groups. Samples come from the following sites: Cholula, Puebla; El Zapotal, Veracruz; Jaina Island, Campeche; San Gervasio/Playa del Carmen, Quintana Roo; Tlatelolco, Mexico City, D.F.; Tula, Hidalgo; Yaxuna, Yucatan.
Sources of Population Structure
We predict that the four groups in this study, while similar in many respects, are sufficiently distinct to be distinguished through biodistance analysis. Given the complexity of the archaeological and ethnohistorical accounts of population movements and relationships, several possible patterns of biological relationships may be formulated. We examine three factors that could structure the relationships among these samples -cultural group, geographic region, and temporal period.
Cultural groups
The Maya. The lowland Maya emigrated from the Guatamalan highlands by 1000 BC at the latest (Campbell and Kaufman 1985; Colunga-García Marín and Zizumbo-Villarreal 2004; Hammond 1986; Pohl et al. 1996; Weaver 1972) . In the Classic Period, local and regional political control became increasingly concentrated into larger centers (Evans 2013) . By the Terminal Classic, the political and population landscape shifted to the northern and coastal peninsular lowlands (Aubry 2009; Masson and Mock 2004) . Sites like Uxmal and Chichén Iztá rose in prominence, in part through expansion of circum-peninsular maritime trade networks (Evans 2013; Masson and Mock 2004) .
Trading relationships, and likely migration, existed between the Maya and other regional polities, such as Teotihuacan, Tula, and Cholula (Aubry 2009; Cowgill 2003; Culbert 1991) . Long-distance gene flow has been detected within the Maya (Scherer 2007) , and Teotihuacan and Mayan elites may have practiced bride exchange (Schroeder 2010) . Connections between the Maya and Toltecs, who spread to regions like the Yucatan after the fall of Tula may have influenced the development of Yucatan sites such as Chichén Itzá (Davies 1980; Diehl 1983; McVicker 1985; but see Jones 1997) . Mayan samples in this analysis come from the sites of Jaina Island, San Gervasio/Playa del Carmen, and Yaxuna.
The Toltecs. The Toltecs were Nahuatl/Otomí speakers who rose to power after the fall of Teotihuacan around AD 750. Their origin is unclear; they may have migrated from northwest of Jalisco, Veracruz, or Michoacán (Evans 2013). They were said to reside in the mythical city of Tollan, usually identified as Tula Hidalgo (Brotherston 2001; Cowgill 2000; Davies 1980; Diehl 1983) . The Toltecs participated in widespread trade networks and extended influence throughout Mesoamerica (Davies 1987; Weaver 1993) . They were known for military prowess, and conquered and exacted tribute through forceful action. Mexica and Maya elites later legitimized their rule by claiming descent from Toltec royal bloodlines (Cobean and Mastache 2001; Hicks 2008; Smith 1984 Smith , 2008 .
Toltec rule declined and Tula was abandoned in the mid-12 th century AD. The Toltecs settled in many regions outside of Central Mexico, into the Gulf Coast, the Yucatan peninsula and highland Guatemala (Diehl 1983) . Toltec-style art and architecture are present in later Classic and Postclassic Yucatan Maya sites such as Chichén Itzá (Davies 1980; Diehl 1983; McVicker 1985) . It is possible that the Maya and Toltec relationships might be closer to one another than to other groups due to long-term contact (Aubry 2009; De Lourdes Muñoz et al. 2012) . Samples from the Toltec sites of Tula and Cholula are included in this analysis.
The Mexica. The Aztec Mexica were the last of several Nahuatl-speaking Aztlan populations migrating to Central Mexico from the north (Smith 1984) . It is likely that Nahuatl was one of the languages spoken in Toltec cities, brought south from previous ethnic Aztlan migrations (Davies 1980; Evans 2013) . The Mexica arrived in the Valley of Mexico in the mid-13 th century, and encountered the remnants of the Toltec empire (Hicks 2008; Weaver 1972 ). The Toltec elites were still considered "noble blood;" claiming noble Toltec family ties through marriage granted civilized status and political legitimacy in Aztlan society (Hicks 2008; Smith 1984 Smith , 2008 . The Mexica accomplished their political dominance through strategic intermarriage with Toltec nobles and by conquering local cities, leaving defeated kings in power to send tribute to the capital city of Tenochtitlan. The Mexica maintained political control through exaggerated ritual violence and large-scale human sacrifice (Lopéz Austin and Lopéz Luján 2008) . The Mexica formed the "Triple Alliance" with two other Aztlan ethnic groups (Evans 2013). Within a few generations of founding Tenochtitlan, the Mexica dominated the political landscape in Central Mexico until the Spanish arrived in AD 1519 (Hicks 2008 ). The Mexica sample comes from the site of Tlatelolco.
The Totonacs. The Totonacs settled in the South-central Gulf lowlands around AD 600. The Totonac language shares similarities with Nahuatl and Mayan languages (Campbell 2004; Lewis 2009 ). It is not known from where the Totonacs emigrated, although some may have moved to coastal Veracruz from inland cities to avoid direct conflict with early migrations of Aztlan peoples (Weaver 1972) . Archaeological evidence at sites such as Totonacapan suggests that the region was densely settled. Ceramics include both Totonac and Mixteca-Puebla styles seen in Central Mexican sites such as Tlaxcala, located on the other side of the Sierra Madre mountain range (Daneels 1997) . This suggests widespread trade between coastal and inland sites (Ochoa 2001; Stark 1978) and perhaps an ethnically mixed site (Daneels 1997) .
This Totonacapan region of the Gulf coast was reliably fertile, and Aztlan called it the "land of food" (Evans 2013:443) . During droughts and famines, such as in AD 1450-1454, some Aztlan families sold themselves or their children as slaves to the Totonac (Diehl 2000; Evans 2013; Weaver 1972) . Many Totonac cities were subdued by the Triple Alliance until the arrival of Cortés in AD 1519, when they became the first allies of the invaders (Diehl 2000; Hassig 2010 ). The Totonac sample comes from the site of El Zapotal.
Geographic regions
The sites in this analysis are in three distinct regions: Central Mexico, Veracruz, and the Yucatan (Figure 1 ). Geographic locations for each site were obtained using Global Positioning System coordinates. Land distances between sites were calculated using Google Earth version 6 (Google Earth 2012), estimating the shortest possible land route, accounting for natural geographic barriers (Tables 1 and 2 ).
Central Mexico. The central highlands of Mexico sit between the parallel northwest/southeast ranges of the Sierra Madre Occidental and Oriental, and bounded on the south by the snowcapped volcanos Iztaccíhuatl and Popocatépetl. These three ranges create a temperate highland region with seasonal rainfall. The Basin of Mexico is a broad interior mountain valley that traps water into Lake Texcoco, a wide, shallow, moderately salty interior lake with an extensive river valley system (Cowgill 2000; Grove 2000) . The sites used in this analysis in this region include Tlatelolco, Tula, and Cholula (see Table 1 for site information).
Veracruz. The Gulf Coast is bounded on the west by the Sierra Madre Orientale range, and on the east by the Gulf of Mexico. The Gulf Coast is diverse in altitude, drainage, and precipitation. It is traditionally divided into three regions bordered by (Diehl 2000) .
Yucatan. The Yucatan Peninsula is geographically diverse, from the southern highlands near Guatemala to the coastal lowlands in the north. Two of the three sites in this study are on the northwestern coastal region of the peninsula; the third is in the center of the peninsula, in the northern lowlands (López Austin and López Luján 2001) . This portion of the peninsula is a flat limestone plain near sea level in the north, rising slowly inland. The northern region is seasonal and dry, with thin soil and scrub forest. The three sites representing this region include Jaina Island, San Gervasio/Playa del Carmen, and Yaxuna.
Temporal periods
Pre-contact Mesoamerica historically has been divided into the Preclassic (2500 BC-AD 300), Classic (AD 300-900), and Postclassic (AD 900-1520) periods (López Austin and López Luján 2001). The samples from this study derive from the latter two periods.
Classic period, AD 300-900. During the Classic period, increased social and economic stratification concentrated power with elites, and there was a rise of urban centers and more intensive agricultural practices in rural areas. Long-distance trade was organized and controlled by regional capital cities such as Tula, Cholula, and Uxmal. In the Classic period, the Veracruz and coastal Yucatan sites were involved with interregional trade with Central Mexican sites such as Teotihuacan (López Austin and López Luján 2001).
Postclassic period, AD 900-1521. The Postclassic period was marked by political instability in many regions, increased warfare, intensified long distance trade, and widespread tribute from conquered groups to political leaders. During the latter part of this period, the Mexica rose to dominate much of Mesoamerica (López Austin and López Luján 2001). The Postclassic ended with Spanish conquest.
Materials and Methods

Samples
We analyzed dental morphological trait data on samples from seven sites. Edgar collected data for the sites of Tlatelolco, El Zapotal, and Jaina Island (see Table 1 ). Aubry (2009) provided data from the sites of Cholula, Tula, San Gervasio/Playa del Carmen, and Yaxuna. A total of 282 specimens were included in the study.
Observational methods
Dental morphology is an effective method for tracing intrapopulation variation, interpopulation relationships, and microevolution (Coppa et al. 1998; Dahlberg 1951; Edgar 2007; Greenberg et al. 1986; Hanihara 1967; Hillson 1996; Irish 2005; Jackes et al. 2001; Larsen 1997; Lukacs and Hemphill 1991; Scott 1973; Scott and Turner 1997; Turner 1987 Turner , 1990 Turner , 1992 Willermet and Edgar 2009) . Dental morphological studies analyze data from observations of standardized morphological characteristics found on the crown surfaces of teeth, such as shovel shaped incisors and Carabelli's trait (Scott and Turner 1988; Turner et al. 1991) . Tooth morphology is largely under genetic control, and is less affected by environmental factors than many other tissue systems (Larsen and Kelley 1991; Scott and Turner 1997) . Also, information gathered from teeth can be compared across space and time, a benefit difficult to replicate using DNA or blood group studies (Irish 1993; Scott and Turner 1997) . Dental nonmetric traits have a high genetic component in trait expression, are evolutionarily conservative, and are comparable through time, making them ideal for use in admixture studies, and powerful for exploring regional patterns of biological distance (Irish 2005; Scott 1973; Scott and Turner 1997) .
Trait selection. Analysis began with 30 trait observations scored in common in data separately collected by Edgar and Aubry (2009) . We then removed all traits expressing no variation (either 100% or 0% in the combined sample), showed high initial interobserver error, or for which tetrachoric correlations could not be computed due to zero denominators. After these processes 12 observations remained.
Determination of trait breakpoints. Calculation of pseudo Mahalanobis' D 2 requires that data be in presence/absence format. We initially examined the raw data for evidence of natural breakpoints and used them when encountered. Additional breakpoints were drawn primarily from Scott and Turner (1997) , with additional reference to Haeussler et al. (1989) , Irish (1993) , Irish and Turner (1990), and Turner (1987) (Table 3) .
Interobserver error. Edgar and Aubry collected data and performed an interobserver error test using 11 of the above 12 traits on 30 dental models that were not part of this study. Dental models allow observers to study the same dentitions in two locations. Because dental models were used, interruption groove (UI2IG) was not scored. Using an online kappa calculator, we computed Cohen's kappa and associated standard error values, as well as the frequency of observer agreement for the dichotomized data (GraphPad Software 2005; see Table 4 ). Interobserver error levels were acceptable for both the nondichotomized and dichotomized data for most traits. To determine whether interobserver error would influence the results, we computed a one-way ANOVA using SPSS version 17 (2008), comparing the two observer's means by trait. Only two traits differed significantly: LM1PS (p = 0.00) and LM2PS (p = 0.04). This result was expected: LM1PS showed the lowest frequency of agreement (0.52), and LM2PS was not variable for one of the two observers. To understand whether interobserver error affected our results, we performed the Mahalanobis' distance analysis with and without U12IG and LM1PS. Both analyses achieved similar results. Therefore, we proceeded with the 12 traits listed in Table 3 ; see the Results section below for further interobserver analysis (Table 4) .
Missing data. Statistical analysis and interpretation of results are complicated by the fact that sample sizes for several of the sites are small, and some data could not be collected due to incomplete preservation. The highest percent of observable data for a trait at any one site is 95% (Cholula: UM1MC) and the lowest is 32% (El Zapotal: UI2DS). The average percent observable data across all sites is 60%. Small sample sizes and missing data are inherent problems in bioarchaeological research, and limit the degree of assurance that researchers can have in the validity of their results. 
Analytical methods
Pseudo Mahalanobis' D 2 was calculated as a statistical measure of phenetic distance (Irish 2010; Konigsburg 1990 ) using an IML program executed through SAS 9.2 (SAS Institute 2009). Pseudo Mahalanobis D 2 extends the squared Mahalanobis distance for use with dichotomized data by using a tetrachoric correlation matrix in the calculation (Konigsberg 1990) . Cluster analysis and principal components of the distances were computed using PAST (Hammer et al. 2001 ) and used to create graphic representation of results. To test whether geographic distance was correlated with biological distance, we performed a linear regression analysis comparing the pseudo Mahalanobis D 2 matrix with the distance matrix presented in Table 2 using the linear regression myfit function in R (R Development Core Team 2012) and a Mantel test in PAST (Hammer et al. 2001) .
Explanatory model predictions
We developed three simple models based on the potential sources of population structure: cultural group, geographic region, and temporal period.
Model 1: Culture group. If patterns of phenetic relationships reflect culture group, then samples attributed to each of the four regional culture groups ought to be distinct from one another. Samples from the Maya sites of Jaina Island, Yaxuna, and San Gervasio/Playa del Carmen should be phenetically closer to one another than to those from other sites. Toltec samples from Tula and Cholula should be relatively phenetically close to one another. The Mayan and Toltec samples might be relatively closer to one another than to other groups due to putative long-term trading relationships. The Mexica sample from Tlatelolco should be phenetically isolated, as should the Totonac sample from El Zapotal.
Model 2: Geographic distance. If patterns of phenetic relationships reflect geographic regions, then sites in each of the three geographic regions should be distant phenetically from samples located in other regions. Samples from the Central Mexican sites of Tula, Cholula, and Tlatelolco should possess close phenetic affinities to one another; the sample from the Veracruz site of El Zapotal ought to occupy an isolated phenetic position, while the Yucatan samples from the sites of Jaina Island, Yaxuna, and San Gervasio/Playa del Carmen should share close phenetic affinities. 
Results
Biological distance
We compared three models that would account for the patterns of inter-sample phenetic affinities. Model 1 predicted that clusters would form based on culture group; Model 2 predicted clusters would form based on geographic region; Model 3 predicted clusters reflecting time. Table 5 presents the Mahalanobis' squared distance matrix for the seven sites. The smallest biological distance is between Tula and Yaxuna; the greatest is between Tula and Tlatelolco, which may be surprising given their geographic proximity. The results of the principal components analysis (Figure 2) show a clear separation of the Mexica (Tlatelolco), Totonac (El Zapotal), and Mayan site of Jaina Island from the Toltec (Tula, Cholula) and other Mayan sites (San Gervasio/Playa del Carmen, Yaxuna) along Principal Component 1 (PC1; 94.95% of the total variance). Principal Component 2 (PC2; 3.14% of the total variance) separates the Mayan sites and El Zapotal from the Toltec sites and Tlatelolco. Cluster analysis (Figure 3) clusters the Toltec and two of the Mayan sites. The third Mayan site, Jaina Island, clusters most closely with Tlatelolco and Zapotal.
Comparison of the geographic distance and pseudo Mahalanobis distance matrices using regression resulted in nonconcordance (adjusted rsquared = -0.02111, 19 d.f., F = 0.5865, p = 0.4532). The Mantel test comparison of the two matrices, using 5000 random permutations, resulted in a weak positive correlation (r = 0.2792, p = 0.1212). This (Table 5) .
Interobserver error
To understand how much influence each of the traits had on the distance matrix, we performed an additional principal components analysis on a matrix of trait frequencies for each site. This calculated a trait frequency weight for each trait for each principal component (PC). To determine whether interobserver error would have skewed the distance matrix results, we performed a Pearson correlation between the calculated Cohen's kappa values and the trait frequency weights for PC1 (57.35% of the total variance) and PC2 (25.85% of the total variance), using SPSS version 17 (2008). Cohen's kappa values v. PC1 showed a correlation of -0.012, p = 0.973, indicating no correlation between degree of observer concordance and trait frequency weights. Cohen's kappa values v. PC2 showed a correlation of 0.320, p = 0.367. There is a weak, but not significant correlation between degree of observer concordance and trait frequency weights. These results indicate that interobserver error is not the driving force behind the distance matrix.
Discussion
Aspects of all three models likely contribute to the overall patterning seen in the data. The results do not exactly fit any of these models, each based upon a single predictive variable. We envision this study as the first step in developing a larger set of interactive models built upon the relationship among cultural factors, geography, and biological change over relatively short periods of time. This first step, however, was necessary to determine whether patterns exist among the Maya/Toltec, Mexica, and Totonac groups that are observable through dental morphological trait analysis. (Cowgill 2003; Schroeder 2010; Thompson 1970) . More geographically and temporally broad samples are needed to more fully explore the relationship between these two groups.
Model 2: Geographic region
The pattern does not clearly reflect Model 2, geographic region. For the pattern to be explanatory, the sample from Tlatelolco should have shared phenetic affinity with the samples from Tula and Cholula, Jaina Island with San Gervasio/Playa del Carmen and Yaxuna, and El Zapotal would be isolated. This pattern is not observed on PC1; it is violated by the locations of Tlatelolco and Jaina Island. The spread of sites along PC2 does order broadly the sites along a geographic gradient. El Zapotal, which is intermediate in distance from both Central Mexico and the Yucatan, is near the Yucatan sites along PC2. The cluster analysis spreads geographic region across both clusters. Two Yucatan and two Central Mexican sites cluster together, but one Yucatan site (Jaina Island) and one Central Mexican site (Tlatelolco) cluster with Veracruz. However, the regression analysis indicated no predictive relationship between the geographic distance matrix and the biological distance matrix. Therefore, this model is not the best explanation for the results.
Model 3: Temporal period
The structure seen in our results does not support Model 3, which concerns temporal periods. If temporal periods have explanatory power, samples from El Zapotal would share phenetic affinities with those from Cholula, Tula, and Yaxuna, and San Gervasio/Playa del Carmen ought to share phenetic affinities with Tlatelolco and Jaina Island. The Classic/Postclassic dichotomy is not supported by the pattern graphed by the principal components. On PC1, it is violated by the locations of El Zapotal and San Gervasio/Playa del Carmen. Additionally, the Postclassic sites spread across the range of PC2. This result is mirrored in the cluster analysis: the Classic site of El Zapotal clusters most closely with the Postclassic sites of Jaina Island and Tlatelolco, and the Postclassic site of San Gervasio/Playa del Carmen links with the rest of the Classic sites.
As stated above, our results do not perfectly reflect the predictions of any of the models. All the models have outliers that do not fit the predicted pattern. Model 1, culture group, is imperfect, but it best fits the observed pattern of biological relationships. For Model 1, only the location of Jaina Island, which was phenetically closer to El Zapotal and Tlatelolco than to the other Mayan sites, did not fit the predicted pattern. Culture group, therefore, is the strongest explanation for the source of population structure observed among these samples. More samples would allow more nuanced comparisons of results with models, such as weighting the extent to which each model explains the observed phenetic pattern.
For example, the location of Jaina Island in the cluster analysis is particularly interesting. This island is generally interpreted to be, at least in part, a burial site for Mayan elites (Lopéz Austin and Lopéz Luján 2001; Piña-Chan, 1968) , although it was also heavily involved in coastal trade between the Gulf Coast and the Yucatan (Benavides Castillo 2001 . The relatively small biodistance between Jaina Island and the Mexica site of Tlatelolco raises the possibility that some of the people buried at this Postclassic level of Jaina Island might have some Mexica ancestry. This possibility was raised by Pompa y Padilla (1984) ; in a comparison of samples from Chichén Itzá, Jaina Island, and Tlateloloco, Jaina Island and Tlatelolco had similar frequencies on some traits, distinct from Chichén Itzá. Jaina Island and El Zapotal are both sites on the Gulf of Mexico, and both were participating in coastal trade (Benavides Castillo 2001; Diehl 2000) . Future analysis of temporal intrasite variability at Jaina Island, and comparisons to additional Mayan, Totonac and Mexica samples may shed light on this issue.
Since the elaborate ethnohistorical and archaeological records of pre-contact Mexico reflect extraordinarily complex migration patterns occurring in a relatively small geographic area over an evolutionarily brief period, we were concerned about potential difficulty in detecting differences between groups, even at this broad scale, and with relatively small samples. A significant finding of this research is to distinguish patterns among the Maya/Toltec, Mexica, and Totonac groups through dental morphological trait analysis. That these groups are distinct at this broad level of analysis is heartening for future work on tracing past migration patterns. Testing for trait patterning at this level is a necessary step before deepening analysis to include more sites, regions, and temporal periods. Many more samples from a variety of cultural groups, geographic regions, and temporal periods are needed to determine whether the broad cultural group patterns seen here are maintained at a finer grain of analysis.
These results reinforce the findings of Ullinger and colleagues (2005) and Vargiu and colleagues (2009) , that indicate the effectiveness of dental morphological traits analysis to detect local population differences, here specifically in Mexico. We think Mexico has a complex migration history because we know much about its past from decades of detailed ethnohistoric and archaeological research. However, while the record is more detailed for Mexico, there is no reason to suppose that the migration history is more complex there than in many other areas of the world where biological distance studies have been informative. While more samples are needed from different regions and temporal periods, this research demonstrates the potential for deepening our understanding of the population history of preEuropean contact Mexican groups, and will provide an additional line of evidence to test hypotheses of population movement and admixture in relationship to the archaeological record.
